Seedlings of tomato (Lycopersicon escuAnun, Mill.) varied diurnally in their sensitivity to chilling temperatures. If chilled near the end of the dark period when they were most sensitive, the time taken to kill half of the seedlings was approximately 3 days, whereas in samples taken 4 hours after the onset of dark, a period of 6 days of chilling was required. Sensitivity dropped rapidly after the onset of the light period. This rhythm was exogenously controlled by the diurnal changes in light, rather than in the temperature. The susceptibility of predawn seedlings could be reduced by exposure to light, by water stress, or by abscisic acid applied to the leaves. However, the subsequent changes in sensitivity to chilling did not correlate with stomatal aperture. Six other chiling-sensitive species showed similar diurnal changes in their chilling sensitivity.
Many investigators studying the chilling sensitivity of plants have used seedling tissues or whole seedlings (5) because the response of seedlings to temperatures below their chilling threshold is easily monitored, and fairly rapid. For example, Creencia and Bramlage (2) showed that although corn seedlings held for 36 h at 0.3°C were undamaged when returned to ambient temperatures, those held for 48 h or more were irreversibly damaged.
Patterson et al. (7) showed that there were diurnal changes in the sensitivity of tomato seedlings to low temperature. They found that seedlings chilled from the end of the dark period were injured several days earlier than those chilled starting later in the day or during the first hours of the dark period. In this paper we report a study of the diurnal nature of chilling sensitivity in seedlings of a number of species, and the environmental factors that influence this diurnal response.
MATERIALS AND METHODS
Plant Material. The following chilling-sensitive plants were grown from seed and used in the seedling stage: Capsicum annuum, L. cv. ' 1-4 0 m0 _-after 0400 h. None of the plants whose chilling started at 0600 and 0800 h survived the 96-h chill. Within a few hours of removal from chilling, these plants were completely wilted and collapsed (Fig. 2) . In contrast, if chilling was started 4 h after the start of the light cycle, at 1200 h, more than 70% of the plants survived. Similar results were obtained when this experiment was repeated using groups of seedlings at the same chronological age at the start of the chilling period (Fig. 1) . Seedlings placed in a dark growth chamber for 96 h beginning at 0600 and 1000 h resumed normal growth after removal from the dark.
Time Course of Chilling. If plants were chilled from 0700 h, only 3 d of chilling were required to kill half the plants (Fig. 3) . In contrast, plants chilled from 2200 h required 6 d of chilling to kill half the plants.
Electrolyte Leakage following Chilling. No significant differences in leakage of solutes from leaf slices were found after 48 h between plants placed in chilling conditions at different times during the diurnal cycle (Table I) . After 72 h of chilling, a marked increase in leakage was evident only in slices of leaves from plants chilled starting at 0700 h.
Comparison of Species. Seedlings ofcool-temperate crops (broccoli, radish, foxglove, and sweet pea) were not injured by the chilling treatment, regardless of the time at which it was started (data not shown). In the 10 chilling-sensitive species and varieties tested, exposure to chilling temperatures at the end of the dark period caused severe injury. Plants chilled from 1200 to 2400 h were much less damaged and some species, for example Bell Pepper and Cosmos, were unaffected by this chilling treatment (Table II) (Table III) . The majority of the plants given light for one 'night' prior to being chilled showed only minor leaf damage, whereas those given the standard dark treatment were killed.
Relationship to Stomatal Aperture. At 0700 h, I h before 'dawn,' when bean seedlings were most sensitive to low temperature L~~~~- (Table II) , their stomata were partially open (Table IV) RH. Although the time at which chilling was started influenced survival, as in the previous experiments, the differences in RH did not (data not shown).
Water Stress. Previously water-stressed plants, which had been watered so as to regain turgor, whether placed in chilling conditions at 0800 or 1400 h, were not damaged by the chilling stress (Table V) . In the nonstressed plants, damage was slight in those chilled from 1400 h, and severe in those chilled from 0800 h.
ABA Treatments. Although control plants chilled from 0600 h were killed, ABA-treated plants chilled at this time were only slightly damaged (Table VI) . Plants chilled from 2200 h, with or without ABA, suffered no visible damage after chilling.
Application of ABA to nonchilled plants did not significantly alter electrolyte leakage (Table VII) . In the plants chilled starting at 1900 h, leakage did not rise above the levels of the nonchilled plants, nor did ABA affect leakage. An increase in leakage was evident, however, from the control plants chilled from 0700 h.
However, if ABA was applied before the chilling period beginning at 0700 h, leakage was reduced to the level shown by unchilled plants.
DISCUSSION
Our results show that diurnal fluctuations in response to chilling temperatures occur in a wide variety of chilling-sensitive plants, although the fluctuations are not endogenous, but are determined by the light/dark regime. In the species tested, sensitivity to chilling temperatures was highest at the end of the dark period. Plants chilled from this time showed increased leakage of electrolytes and necrosis. Time courses of chilling started at different times of the day did not indicate that chilling sensitivity was entirely absent at some times. Rather, they indicated that the duration of chilling required to elicit symptoms of injury varied considerably through the day/night cycle, although all of the chilling-sensitive species eventually died after extended exposure to low temperature.
Sensitivity to chilling still varied diurnally when plants were grown at uniform temperatures under a light/dark cycle, but when a dark period was missed the variation was removed. Clearly, light is an important factor in the diurnal changes of response to chilling. Recently, Rikin et al. (10) reported that light protects cotton seedlings against chilling injury. Our results also show that light reduces the effect of chilling, and that the response is general for a number of unrelated chilling-sensitive species.
Light might be influencing the plant in several ways-by changing stomatal aperture and internal water balance, by changing metabolism, or by increasing the carbohydrate status of the plant. If water loss from plants were primarily responsible for chilling injury, it would be expected that most injury would occur when stomata were maximally open. However, no correlation between stomatal aperture and chilling sensitivity was found.
Water stressing plants prior to chilling has been reported to reduce to the severity of injury (9, 13). Wilson (13) proposed that water stressing increases endogenous ABA levels, thus conditioning stomata to close when chilled. ABA levels are known to increase in water-stressed plants (6, 9) . Rikin and Richmond (1 1) showed that spray applications of ABA to chilling-sensitive cucumber seedlings resulted in reduced injury following chilling. How ABA reduces chilling injury is unclear (1, 9, 11 ), but the recent finding that ABA significantly reduced cellular leakage from Nicotiana tabacum pith explants (1) suggests that ABA is not acting solely on stomatal regulation.
The irreversible damage that accompanies prolonged chilling may result from the accumulation of toxic metabolites (4, 5, 8 The mitigation of chilling injury in seedlings that were water stressed or sprayed with ABA might also be a reflection of involvement of metabolism in the expression of symptoms. Inhibition of metabolism by ABA (12) could reduce the rate of accumulation of toxic metabolites in the same way as diurnal variations in metabolic rates. Since ABA levels in nonstressed cotton plants have been reported to vary diurnally, with lowest levels measured during the predawn hours (6), it is possible that the diurnal variations reported here may be a response to diurnal changes in ABA, mediated perhaps through its effect on metabolic rates. , It could be argued that the effects reported here relate to the cyclic depletion of endogenous carbohydrate during the dark phase. Certainly the seedlings were grown in relatively short days. However, the rapidity with which the sensitivity to chilling disappeared after the onset of light would refute this explanation. In addition, the closed stomata of waterstressed seedlings would be expected to result in low carbohydrate status, yet these plants were highly resistant to the chilling treatment. Elucidation of the cause of the diurnal response requires further investigation of diurnal metabolic changes in seedling tissues.
